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In this paper, we examine an orthogonal frequency division multiplexing 
(OFDM) system under imperfect channel conditions and pilot-aided-based 
channel estimation. However, unlike conventional pilot-aided-based channel 
estimation schemes, some inserted pilot symbols are set to zero where the 
indices of the zero-pilot symbols are employed to transmit extra data bits. In 
this paper, we employ a minimum mean squared error (MMSE) to detect 
transmitted pilot symbols; the detected pilot symbols are then used to 
estimate channel coefficients. Furthermore, the impacts of zero-pilot 
symbols on the mean-squared error of channel estimation and on system 
error performance are examined. Our findings show that the indices of zero- 
pilot symbols can be used to improve system throughput by carrying extra 
information bits without harming channel estimation accuracy or degrading 
system error performance. Simulation results show that, at a high signal-to- 
noise ratio, the bit error rate for data bits transmitted via zero-pilot symbols 


indices is lower than that of data bits transmitted over data subcarriers. 
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1. INTRODUCTION 

Orthogonal frequency division multiplexing (OFDM) is a multi-carrier modulation technique widely 
implemented in broadband wireless communication systems such as long-term evolution (LTE) and all of the 
most recent Wi-Fi standards due to its high spectral efficiency and robustness when operating in frequency 
selective fading environments [1]. On the other hand, erroneous channel estimation is a crucial issue for 
wireless communication systems operating in frequency-selective fading channels, since channel-estimation 
errors might lead to considerable performance loss [2]. Moustakas et al. [3] show that, for larger spatially- 
correlated channels, the rate of performance degradation caused by channel estimation errors becomes more 
significant; this behavior becomes more apparent as the signal-to-noise ratio (SNR) rises. Several estimation 
techniques have been proposed to track channel variations to acquire precise channel-state information (CSI) 
[4]. Pilot-based channel estimation techniques are commonly used in wireless systems [5]. It is shown in [6] that 
the pilot patterns employed in OFDM systems for channel estimation determine the number of pilot symbols 
necessary to satisfy the targeted error performance. The minimum mean-squared error (MMSE) and the least- 
squared (LS) techniques are widely used along with pilot-based channel estimation schemes [7]-[15]. For 
example, Sun and Wu [7] investigate pilot-insertion channel estimation with the MMSE estimator and 
identify the optimal-pilot percentage that results in the maximum spectral efficiency. The pilot-symbol 
spacing can be optimized based on pilot density, Doppler spectrum, and power delay profile [8]. The mean- 
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squared error (MSE) of channel estimation can be reduced by either increasing the pilot percentage or rising 
the allocated energy to pilot symbols [9]. The asymptotic mean-square error of channel estimation, with 
pilot-insertion, is derived in [10] for high mobility wireless communication systems. According to [10], if the 
pilot sampling rate is equal to or greater than twice the maximum Doppler spread of the fading channel, then 
the MSE of the MMSE estimator at pilot-symbol and data-symbol locations are the same. A Pilot-insertion 
channel estimation scheme with an LS estimator was presented in [11] for different areas. Compared to the 
LS estimator, the MMSE estimator has a high level of complexity [12]. However, in terms of performance, 
the MMSE estimator out performs the LS [13]-[15]. An adaptive filter channel estimation scheme for multi- 
input-multi-output OFDM (MIMO-OFDM) systems is proposed in [16], where the authors show that the 
performance of MIMO-OFDM systems improves when coding and channel estimation are combined. 

The idea behind index modulation is to improve the system spectral efficiency by sending extra 
information bits using: the indices of active subcarriers, the indices of transmitting or receiving antennas, or 
the index of matched impedance between the transmitter and receiver [17]—[19]. The OFDM with index 
modulation (OFDM-IM) technique is a novel multi-carrier modulation that conveys data bits using indices of 
active subcarriers and traditional symbol constellations [18], [19]. Furthermore, under various channel 
circumstances, the OFDM-IM system provides a considerable error-performance improvement compared to 
the classical OFDM systems [18]. Basar et al. [19] investigate an OFDM-IM system in high mobility 
conditions where their results show that the error performance of the OFDM-IM system surpasses that of the 
classical OFDM system under identical realistic channel conditions. Results obtained in [20], [21] indicate 
that an OFDM system with interleaved subcarrier index modulation (OFDM-ISIM) can enhance the system 
coding gain. Besides, the channel correlation of subcarriers in each subblock is independent when applying 
the subcarrier interleaving approach, resulting in the highest possible coding gain for OFDM-ISIM compared 
to OFDM-adjacent subcarrier index modulation (OFDM-ASIM). To improve the error performance of the 
OFDM-ISIM system, two different power allocation algorithms are suggested in [22]: the optimal and 
suboptimal power allocation algorithms. The first algorithm is designed by minimizing the pairwise error 
probability, whereas the second one is based on minimizing the Euclidean distance; however, the second 
algorithm has less computation complexity compared to the first one. An enhanced OFDM-IM system, where 
a single data bit determines the status of two successive subcarriers whether active or not, is proposed in [23] 
over a noisy channel; the proposed system improves the detection probability of active subcarriers at the 
receiver side. However, the spectral efficiency of the enhanced OFDM-IM system shows degradation 
compared to conventional OFDM-IM. To improve the OFDM system spectral efficiency, Li et al. [24] 
propose a channel estimation scheme where pilot locations are used to transmit additional data bits. 

In this paper, we propose an OFDM system with a pilot-insertion-based channel estimation scheme 
and jointly MMSE pilot symbol detection and channel estimation. In the proposed system, pilot symbols are 
inserted among data symbols for channel estimation purposes, where some pilot symbols are set to zero. The 
index of zero-pilot symbols is used to convey extra data bits to enhance the throughput of the OFDM system. 
Furthermore, we employ the MMSE estimator to detect the transmitted pilot symbols and to estimate channel 
coefficients. We also, investigate the impact of the number of zero-pilot symbols on the estimation MSE and 
on the overall system error performance. The remainder of this article is presented as follows: Section 2 
introduces the proposed system model. Section 3 presents results and discussion. Finally, section 4 concludes 
this article. The following notations are used all over the paper: C(N, m) denotes the binomial coefficient, L] 
represents the floor function, ® represents the Kronecker product operator, and E is the mathematical 
expectation. Also, Iy represents the identity matrix of size N, Ogxıdenotes a column vector of length K and 
zero elements, and 6B, represents a row vector of length N and zero elements except for the last element, 
which equals to one. Finally, ()¥ and ()" denote the Hermitian and the transpose operations, respectively. 


2. PROPOSED SYSTEM MODEL 

In this paper, we consider an OFDM system with an indexed-pilot channel estimation (IPCE) 
scheme operating in a frequency-selective Raleigh fading channel. In the IPCE scheme, some pilot symbols 
are set to zero and the index of zero-pilot symbols is utilized to transmit extra data bits. In a classical pilot- 
channel estimation (CPCE) scheme, the data bits are mapped into M-array modulated symbols before adding 
a non-zero pilot symbol (or active pilot symbol) after every K-data symbol. The resulting symbol sequence 
contains Ns symbols where Ns = KN + N, with N being the number of pilot symbols in each sequence. 
However, in the proposed OFDM with IPCE scheme, a group of data bits is split into two parts: d-data bits 
and b-data bits. The data bits in the first part are mapped into M-array modulated symbols. In contrast, the 
data bits in the second part specify the indices of the zero-pilot symbols. The relationship between b, N, and 
m can be expressed as b = |log,(C(N,m))], with m being the number of zero-pilot (or inactive pilot) 
symbols. In other words, for b data bits, there will be 2° different pilot-symbols realizations chosen from pilot 
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realization set P where the symbol corresponding to the inactive-pilot symbol is set to zero. For example, for 
N=4 and m=2, the number of transmitted bits via the indices of zero-pilot symbols is b = [log (C(4,2))] = 2 
bits and the number of a pilot realizations will be 2=27=4,. An example of pilot-realization set is illustrated in 
Table 1. 


Table 1. Pilot-realization set of OFDM with IPCE scheme for N=4,m=2 


Data bits Corresponding zero-pilot index Corresponding pilot vector 


[0 0] {1,2} [0, 0, p (3), p (4)] 
[0 1] {2,3} Ip (1), 0, 0, p (4)] 
[1 0] {3,4} Ip (1), p (2), 0, 0] 
UW {1,4} 10, p (2), p 3), 0] 


For convenience, we only consider a binary phase-shift keying (BPSK) for data and active-pilot 
symbols. Also, we use OFDM-IPCE and OFDM-CPCE to refer to an OFDM system with IPCE scheme and 
to the OFDM system with CPCE scheme, respectively. After inserting the selected pilot symbols among data 
symbols, a symbol sequence, s, with length N, is formed and can be expressed in vector format as [25]: 


S = (SqCq+pC,)" (1) 


where the vector s is a column vector representing the data symbols after pilot-symbols insertion and serial- 
to-parallel conversion, Sq = [Sqg(1),Sq(2),...,Sq(NK)] € {-1,1} is the data-symbol row vector before 
padding the pilot symbols, p = [p(1), p(2), ..., p(N) € {0, 1, —1}] is a pilot-symbol row vector selected from 
2’-element pilot realization set; Cg = Iy@[¢|Ox1] and Cp = Iy@BixcK41yare the pilot-symbol padding 
matrices with sizes of NKX N, and N x N,, respectively. For illustration, the block diagram of the OFDM- 
IPCE transmitter and the transmitted data slot, after pilot insertion, are shown in Figure 1. Figure 1(a) shows 
the OFDM-IPCE transmitter where the information bits are split into two groups. One group feeds binary bits 
to the BPSK mapper, and the second is sent to a pilot selector. Figure 1(b) shows a graphical representation 
for data symbols after padding the pilot symbols for a system with K =3, N=4, m=2, and p = [0, p (2), p (3), 
0] where p (2) and p (3) e {-1,1}. 


===] 


I, Of, [0a] 


Cyclic Prefix 


Serial-to-Parallel 


Data symbols Inactive Datasymbols Active pilot Data symbols Active pilot Data symbols Inactive 
slot #1 pilot slot #2 symbol slot $3 symbol slot =4 pilot 
symbol symbol 
(b) 


Figure 1. Illustration showing (a) OFDM-IPCE transmitter block diagram and 
(b) data symbols after pilot-symbols insertion 
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As in the classical OFDM system, the time-domain samples of the OFDM-IPCE system are 
acquired by taking the inverse fast fourier transform (IFFT) of the generated symbol sequence given in (1) 
using the inverse discrete fourier transform (IDFT) matrix DH, i.e., x = IFFT(s) = DĦs, with D#D y = NIy. 
At the output of the IFFT and after parallel to serial conversion, a cyclic prefix, with length L, is appended to 
the time-domain samples to eliminate inter symbol interference. After digital-to-analog conversion, the 
OFDM signal is transmitted over a frequency-selective Rayleigh fading channel. The input-output 
relationship of the observed signal at the receiver can be given in a discrete form and time-domain 
representation as [26]: 


z=H,: x+n (2) 


where H,is the time-domain channel matrix, and n is the time-domain noise vector. The frequency-domain 
representation of the received signal, given in (2), can be obtained by computing the fast fourier transform 
(FFT) of z using the discrete fourier transform (DFT) matrix, Dy, as shown [27]: 


y=Hys+w (3) 


where y = Dyz, Hy = DyH,Di, and w = Dyn are the observed signal samples at the receiver in the 
frequency domain, the frequency-domain channel matrix, and the frequency-domain noise vector at the 
receiver, respectively. The channel matrix, H;, becomes a diagonal matrix if the channel undergoes quasi- 
static frequency selective fading as we considered in our system [27]. 


2.1. Pilot-symbol detection and channel estimation for the proposed system 

In this subsection, we illustrate the way we employ the MMSE for joint pilot-symbol detection and 
channel coefficients estimation. Also, the estimation of channel coefficients associated with data symbols 
transmitted over data subcarriers is presented through this subsection. From the observed signal at the 
receiver, the signal at pilot-symbol locations can be extracted as (4): 


Yp = Cyy (4) 
in terms of channel-coefficient vector at pilot-symbol positions, hp, the (4) can be rewritten as (5): 
Yp = Sp ` hp + Wp (5) 


where S, is a diagonal matrix with vector p on its main diagonal, i.e., Sp = diag{p}, and wy, is the frequency- 
domain noise vector at pilot-symbol positions. The auto-correlation matrix of channel coefficients at pilot- 
symbol positions can be expressed as Rpp = E [h h” |. Based on [28], define the MMSE estimation matrix, Gp, 
as Gp = Rpp (Rpp + NI es The matrix Rpp can be derived from Rpp by replacing all its columns having the 
same inactive-pilot symbols indices with zeros. Likewise, Rpp = SpRppSp can be obtained from Rpp by 
replacing its columns and rows having the same inactive-pilot symbols indices with zeros. Using the channel- 
estimation matrix, Gp, channel coefficients at pilot positions can be estimated as (6): 


P = r5 -1 
fip = GpYp = Ryp(Rpp + Nol) Yp (6) 
if we express the estimated channel vector, hy. as: hy = h, + ep, where ep= [ ep (1), ep (2),..., ep(N)] is the 
estimation error vector, the expectation value of the exact channel vector at pilot positions conditioned on its 
estimated version is then E [h, / fp] =E [(hp — ep) / h,| = hy [29]. Furthermore, the observed signal at pilot 


positions conditioned on both hy and p, i.e. (Yp / hy, p). is Gaussian random variable with conditional mean 
and conditional variance given respectively as [30]: 


(7a) 


Re =E, + Noly (Tb) 


where E, = E [e, eH | with the k-th element of the main diagonal being estimated as E [len |}. 
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Based on the above information, the probability density function (PDF) of the observed signal at 
pilot positions conditioned on both hy and p is given as (8) [30]: 


PYp/fip, p) = xp |- (p — diag{ p}hp) "(Ep + “Ivy (Yp — diag(p}hy)| 8) 


1 
det In) © 
et(r(Ep+3IN)) 


where 1/y=N,, and det is the matrix determinant. The error probability of pilot-symbols detection can be 
minimized by maximizing the likelihood function given in (8), and this can be done by choosing the pilot 
symbols such that [30]; 


A , , = \H aes . = 
p = argmin(yp — diag{ p}ħp) (Ep + yin) (yp — diag{ p}ħp) (9) 
p 
The MSE for vector hy estimate is given as [6]: 
Ap = ~tr{Ep} (10) 
where tr {} is the matrix trace. Alternatively, expression in (10) can be written as (11): 


1 à 1 Z 1 1 
Ap = vuVAV i Vy LAVV he y Al = S Ek=14k (11) 
the MSE, 4p, in (11) is derived by performing eigenvalue decomposition for the error matrix, Ep, as Ep = 
VAV~' where V is the eigenvector, and A= diag {21 , 22,..., Av} with àx being the k-th eigenvalue of E, [31]. 
For large values of N, we can approximate E,, as Ep = A,Iy and the estimated pilot symbols in (9) can be 
simplified to: 


1 
AptNo 


p= argmin||(y, — diag{pyh, ||” 02) 
pEP 


where for a column vector b, ||b||=b”b. 

After we estimate the pilot symbols and identify the indices of the inactive pilot symbols, we can 
estimate the channel coefficients for data symbols and use the calculated channel coefficients to conduct 
detection for data symbols sent over data subcarriers. The received signal at data-subcarrier locations can be 
retrieved from the observed signal, y, as (13): 


Ya = Cay = Sa ha + Wa (13) 


where Sq, is a diagonal matrix with vector Sq on its main diagonal, wg is the frequency-domain noise vector 
at data-subcarrier positions, and hg is the channel coefficients at data-subcarrier positions. If we refer to the 
cross-correlation matrix of hg and h, as Rap = E [hah} |. then we can define the channel estimation matrix, 


Ga, as Ga = Rap(Rpp + Noly) where Ray =RapSp, and Ryy =SpRppS" with $, = diag{P}. The 
estimate of channel coefficients at data-subcarrier positions can be obtained as ha = Gaya. The channel- 
estimation error matrix for channel estimation at data-carrier locations, Eq, is defined as (14): 


E4 =E (Aa Si ha)(ha a ha)’ | = Raa — Raa = Raa - Rap (Rop + Noly) RE, (14) 


where Rag = E[hah}]. The k-th element of the main diagonal of matrix E4 can be calculated as E [lfa (k) — 


ha (ld = E[|eg(k)|*]. Given Eq, the MSE for channel estimation at data-carrier positions can then be 
calculated as (15): 


Ag = LI oe (15) 
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where ø, is the k-th eigenvalue of the error matrix Eq. For large N, the estimation-channel error matrix, Eq, 
can be approximated as Eg = AgIxy. Thus, the optimum detection rule for the k-th data symbol transmitted 
over data subcarrier can be obtained as [30]: 


Sa(k) = a argmin(ya(k) = ha(k)s) (va (k) - ha(k)sx) (16) 


Aat 


and this is equivalent to minimize the Euclidean distance between the observed signal sent over the k-th data 
subcarrier, yq (k), and the predicted one as (17): 


1 
Aa+tNo 


Sa(k) = ziz aremin| (ya (K) — Ba (Ksk) |’ (17) 
Sk 


Next, the error and throughput analysis will be presented. 


2.2. Performance analysis of the proposed system 
In this subsection we present the bit error rate of the proposed OFDM-IPCE system. Based on (12) 
in [28] the conditional bit error rate for the OFDM-IPCE system can be represented as (18): 


4 
sin (Ø) 


Py [PaK =+ R exp (Aat) (Aa +2) RHUO 45) a 


T K 2 =f 
= $ fZ exp (afao y) d0 (18) 


where a = Ag + 1/y . The term [a| is a random variable with Chi-distribution and 2-degree of freedom. 
Thus, the unconditional bit error rate for data bits transmitted over the k-th data subcarrier in the OFDM- 
IPCE system can be obtained using the moment generating function shown in (19) in [30]. The result can 
then be described as (19): 


= 1 z aog eA 
Py = aF (1 T a5) dp (19) 


where 0g = E lha |’. Using (19) the total bit-error rate for bits transmitted over data subcarriers can be 
given as (20). 


Pr = DKN, Pk (20) 


2.1. Throughput analysis of the proposed system 

Define a pilot-symbol percentage for the OFDM-IPCE system with BPSK bit-to-symbol mapping as 
the number of pilot symbols divided by the total number of transmitted data symbols which can be expressed 
as (21): 


1 


Do N = 
= = 21 
Piece = enajon] eion] an 
similarly, define the pilot-symbol percentage for OFDM-CPCE system as (22). 
N _1 
Perce =m =x (22) 
Thus, from (21) and (22), 
Pp = Piece = E (23) 


Tes Tlo) 
because the ratio in (23) is always less than one, we can conclude that the pilot symbol percentage decreases 
when using the IPCE scheme in OFDM. The percentage reduction depends on K, N, and the number of 
inactive pilot symbols, m. Now, define the information bit percentage for the proposed OFDM-IPCE as the 
number of the transmitted information bits divided by the total number of available active subcarriers: 


Orthogonal frequency division multiplexing system with an indexed-pilot channel ... (Ali Alqatawneh) 


814 o ISSN: 2502-4752 


_ valora] 


i 
Piece = KN +(N—m) (24) 


and for the OFDM with a classical-pilot channel estimation, the information bit percentage becomes as (25): 


KN K 


i = ee 
PcpcE © RNIN K+ (25) 
therefore, 
r= PipcE = Kn+[log2(W)| (26) 
Pi PtpcE KN=mK 


according to (24)-(26), pice is always bigger than p'crce, and p; is always greater than unity, implying that 
the OFDM-IPCE system always outperforms the OFDM-CPCE scheme in terms of system throughput. 


3. RESULTS AND DISCUSSION 

In this section, we present computer simulation results for the OFDM-IPCE system under various 
operating conditions. In all simulations, the BPSK constellation was adopted for both data and active pilot 
symbols. Figure 2 compares the mean-squared error, Ap, of channel estimation at pilot-symbol locations of 
the proposed OFDM-IPCE system with that of the OFDM-CPCE system under various numbers of pilot 
symbols; the value of A, at m=0 belongs to OFDM-CPCE system. All plots obtained at K=1 and y=15 dB. 
Figure 2 reveals that, for the same number of pilot symbols, the mean-squared error difference between the 
proposed OFDM-IPCE and OFDM-CPCE systems grows as the number of inactive-pilot symbols increases. 
However, in the OFDM-IPCE system and at the same number of inactive pilot symbols, increasing the 
number of pilot symbols, N, decreases the difference. For example, when m=4 and N=48, we can observe the 
maximum mean-squared error difference between the two systems, whereas, at m=4 and N=8, we can 
observe the minimum difference. 


0.02 


o P 
—) 
— 
71) 


2 
© 
— 


ared error, A 


Mean-squ 
(—] 
© 
= 
77] 


1 2 3 
Number of inactive-pilot symbols ( m ) 


Figure 2. The MSE of channel estimation at pilot symbols as a function of inactive pilot symbols, m, for both 
OFDM-IPCE and OFDM-CPCE systems 


In Figure 3, we plot the mean-squared error for channel estimation at pilot positions for OFDM- 
IPCE under different numbers of inactive pilots. All plots were generated for systems with K=1, N=48, and 
y=5 dB. As previously stated, increasing the number of inactive pilots raises the number of transmitted 
information bits; yet, increasing the number of inactive pilots increases the MSE of channel estimation at 
pilot locations. This increase is proportional to the number of inactive-pilot symbols, m; as can be seen, the 
mean-squared error grows as m increases. For example, the maximum values of the A, for OFDM with IPCE 
for m=1, m=2, m=3, and m=4 are 0.01454, 0.01486, 0.01511, and 0.01559, respectively. These results are 
near to the mean-squared error for a comparable OFDM-CPCE system, which equals A,= 0.0142. 

The simulated bit error rate BER of data bits transmitted over the indices of inactive-pilot symbols, 
m, for the OFDM-IPCE system is plotted in Figure 4 for various numbers of inactive-pilot symbols. As 
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indicated in the Figure 4, at fixed number of pilot symbols, the BER for bits sent through pilot-symbol 
indices increases with any increase in the number of inactive-pilot symbols. Increasing the number of 
inactive-pilot symbols raises the number of available choices in pilot realization lookup-table, leading to an 
increase in pilot-symbol estimation errors. However, these errors can be reduced by increasing, y, which 
means more power can be allocated to non-zero pilot symbols. Also, it should be noted that, increasing m 
increases the number of data bits transmitted through the indices of zero-pilot symbols. 


m=2 
X: 181 
Y: 0.01486 
5 10 15 20 25 30 200 400 600 800 1000 
Zero-pilot index Zero-pilot index 
0.02 0.02 
m=4 
<q X: 6257 > X: 5.969e+04 
: Y: 0.01559 
0.01 | Y: 0.0151 0.01 | 
0.005 : , 0.005 . f . i | | 
5000 10000 15000 2 4 6 8 10 12 
Zero-pilot index Zero-pilot index x10 


Figure 3. The mean-squared error of channel estimation at pilot positions of OFDM-IPCE system under 
different numbers of inactive-pilot symbols 


Bit error rate (BER) 


Figure 4. The BER of bits transmitted through inactive-pilot symbols indices as a function of signal-to-noise 
ratio, y when K=3, and N=16 


Figure 5 compares the total bit-error rate, Pr, for bits transmitted over data subcarriers in OFDM- 
CPCE and OFDM-IPCE systems with varying numbers of inactive pilot symbols, m, and under various 
system configurations. Furthermore, the bit error rate of the OFDM-CPCE and OFDM-IPCE systems are 
compared to identical systems with perfect channel state information (PCSI) at the receiver. We used N=16 
for systems with channel estimation, for systems with PCSI we used N,=64. As seen in the Figure 6, Pr for 
the OFDM-CPCE and OFDM-IPCE systems are comparable and very close to an equivalent OFDM system 
operating under PCSI. However, the transmitted data bits in the OFDM-IPCE system are greater than those in 
the OFDM-CPCE system when the same number of data subcarriers and active pilot subcarriers are used. For 
example, at y=35 dB, the error performance at different values of inactive pilot symbols is almost identical 
and very close to the error performance of the OFDM-IPCE system at the same y value. 
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In Figure 6, the error performance of OFDM-IPCE system is compared with that of OFDM-CPCE 
under various conditions. The BER for data bits transmitted over data subcarriers and the BER for data bits 
transmitted via the indices of inactive-pilot symbols are shown in Figure 6(a) for the OFDM-IPCE system. 
Also, the error performance for the OFMD-CPCE system is shown in Figure 6(b). It is clear from Figure 6(a) 
that the BER for data bits transmitted over data subcarriers is better than BER for data bits transmitted via 
pilot symbols indices. However, at a high SNR, the BER for bits transmitted over the indices of inactive 
pilots becomes better than the BER of bits transmitted over data subcarriers. In both OFDM-IPCE and 
OFDM-CPCE systems, the error performance for information bits sent over data subcarriers improves as the 
number of pilot symbols grows, as predicted, since increasing N reduces channel estimation errors, which 


leads to better BER. 
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Figure 5. Total bit-error rate for bits transmitted over data subcarriers as a function of y, and under different 
values of m 
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Figure 6. The error performance of OFDM-IPCE and OFDM-CPCE as afunction of y under different system 
configurations for (a) OFDM-IPCE system when m=2 and OFDM-CPCE system where m=0 
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Comparing Figure 6(a) with Figure 6(b), we observe that the error performance for bits sent over the 
data subcarriers in OFDM-IPCE is comparable to that of OFDM-CPCE. However, under the same data slot 
length, K, number of pilot subcarriers, N, and SNR, y, the system throughput for the OFDM-IPCE system is 
higher than that of the OFDM-CPCE system. Compared to the OFDM system with PCSI, the error 
performance of data bits transmitted over data subcarriers for both OFDM-IPCE and OFDM-CPCE systems 
show a significant improvement with the number of pilot symbols increasing. Finally, at a fixed number of 
zero-pilot symbols, the error performance for bits transmitted over the indices of these symbols shows 
improvement as the number of pilot symbols decreases. 

Figure 7 shows the ratio of the transmitted information bits to the number of active subcarriers as a 
function of the number of inactive-pilot symbols under different numbers of pilot symbols and data slot 
lengths. Also, we compare the obtained percentage with that of the OFDM-CPCE system where m=0. From 
Figure 7, we can observe that the information bit percentage for the OFDM-PICE system is greater than that 
of the OFDM-CPCE system. For example, at K=1, N=32, and m=8, the information bit percentage 
is pbpcg =0.5 for the OFDM-CPCE system and pÍpçg =0.98210 for the OFDM-IPCE system. In other 
words, at K=1, N=32, and m=8, we can send 55 information bits in OFDM-IPCE; however, the number of 
transmitted data bits drops to 32 in OFDM-CPCE system. 


2 4 6 
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Figure 7. The ratio of the transmitted bits to the number of active subcarriers as a function of m for OFDM- 
IPCE and OFDM-CPCE 


4. CONCLUSION 

In this paper, we have studied an OFDM system with indexed pilot-aided channel estimation and 
MMSE-based pilot-symbol detection. Also, we have investigated the effect of the number of zero pilots on 
the mean-squared error of channel estimation and on bit error performance. Results have shown that the 
value of the mean-squared error depends on both the number of inactive-pilot symbols and the number of 
pilot symbols. For example, at a given number of inactive pilot symbols, increasing the number of pilot 
symbols reduces the mean-squared error of the system channel estimate. Furthermore, we have found that the 
BER for bits transmitted through the zero-pilot index outperforms the BER for information bits transmitted 
over data subcarriers at higher signal-to-noise ratios. Also, research has shown that the pilot symbols added 
for channel estimation can be used to send information bits without hurting the performance of channel 
estimation or the system error performance. 
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